INTRODUCTION
============

Phagocytosis by human neutrophils is an essential part of innate immunity for fighting against bacterial infections ([@B56]; [@B54]; [@B12]). On bacterial infection, neutrophils leave the bloodstream and migrate to infection sites to eliminate bacterial pathogens ([@B38]; [@B28]; [@B47]; [@B26]). Neutrophils chase bacteria by detecting gradients of chemoattractants derived from bacteria and migrating toward them via chemotaxis ([@B32]). Once reaching the infection site, neutrophils catch and engulf bacteria via phagocytosis. Phagocytosis consists of the following steps: 1) receptors recognize and bind specific ligands on the bacterial surface; 2) activation of receptors mediates reorganization of actin cytoskeleton, which induces phagocytic cup formation for bacterial engulfment; 3) phagosomes with internalized bacteria fuse with lysosomes to form phagolysosome where bacteria are digested ([@B38]; [@B52]; [@B5]; [@B2]). The current paradigm is that neutrophils use G-protein--coupled receptors (GPCRs) to detect chemoattractants derived from infection sites and to migrate toward bacteria and then switch to phagocytic receptors to bind opsonized bacteria for phagocytosis ([@B36]; [@B5]). Specifically, chemoattractant GPCRs linked to heterotrimeric Gi proteins trigger the activation of intracellular signal transduction pathways that ultimately regulate the spatiotemporal organization of the actin cytoskeleton necessary for cell migration ([@B25]; [@B22]; [@B21]; [@B60]). However, phagocytic receptors, including those for complements and immunoglobulin G (IgG) and several scavenger receptors, bind ligands on the bacterial surface and activate tyrosine kinases to promote actin polymerization for the engulfment of the bacteria ([@B56]; [@B8]; [@B45]; [@B14]). However, studies in primitive phagocytes suggest that this paradigm remains incomplete. For example, *Dictyostelium discoideum* and *Drosophila* cells are primitive phagocytes that can chase bacteria via chemotaxis and ingest them via phagocytosis ([@B3]; [@B11]), but they do not have the capacity to generate either complements or IgGs for phagocytic receptors. Moreover, *D. discoideum* does not have receptor-coupled tyrosine kinases that regulate the reorganization of the actin cytoskeleton ([@B17]). Therefore, human phagocytes may have another mechanism to recognize and eliminate bacteria. Decades ago, it was reported that adhered neutrophils could efficiently ingest surface-associated pathogens in the absence of opsonins during the recovery from pneumococcal pneumonia ([@B58],[@B59]). Recent studies also showed that neutrophils from zebrafish and human can effectively engulf unopsonized microbes on tissue or on coated surfaces via phagocytosis ([@B9]; [@B31]). However, the molecular mechanism underlying the "surface-dependent and opsonin-independent phagocytosis" is not known.

*Dictyostelium discoideum* cells are professional phagocytes that pursue bacteria via chemotaxis and consume them as food through phagocytosis ([@B35]; [@B10]; [@B23]). Similarly to neutrophils, *D. discoideum* amoeba detect chemoattractant gradient and migrate toward bacteria, followed by engulfment and ingestion of the bacteria ([@B43], [@B41]; [@B33]). Many years ago, it was discovered that *D. discoideum* amoeba are able to detect folic acid released from bacteria ([@B42]). However, the receptors for sensing folic acid and the receptors for mediating bacterial phagocytosis by *D. discoideum* had not been identified until recently. By using a newly developed quantitative phosphorproteomic method to deorphan GPCRs, we identified a GPCR (fAR1) as a folic acid-receptor in *D. discoideum* ([@B41]). We further discovered that this stereotypical phagocyte utilizes fAR1, a class C GPCR, to simultaneously detect bacteria-secreted folate for chasing bacteria and microbial-associated molecular patterns (MAMPs) and lipopolysaccharide (LPS) for engulfing and consuming them ([@B41], [@B40]). Thus, this simple organism uses one chemoattractant GPCR-mediated signaling network for both "chemoattractant-mediated cell migration" to chase bacteria and "chemoattractant-mediated engulfment" to ingest them. We proposed that phagocytes of higher organisms, such as neutrophils from animals and human, may also utilize chemoattractant-mediated engulfment to promote phagocytosis of bacteria ([@B41]). Interestingly, human neutrophils use formyl peptide receptors (FPRs) to detect formyl peptides released by bacteria and mediate chemotaxis toward bacteria ([@B61]). Binding of formyl peptides to FPRs promotes dissociation of heterotrimeric G proteins into Gαi and Gβγ, which in turn activate downstream signal transduction pathways that ultimately regulate the spatiotemporal organization of the actin cytoskeleton to drive cell migration. It is not clear, however, whether neutrophils also use the chemoattractant GPCR/Gi signaling network to promote phagocytosis of bacterial pathogens when fighting infections.

Here we show that FPRs on neutrophils detect formyl peptides derived from bacteria and mediate not only chemotaxis to chase bacteria but also phagocytosis to engulf and ingest them. We found that mouse neutrophils lacking Fpr1 and Fpr2 are defective in the phagocytosis of bacteria and the engulfment of N-formyl-Met-Leu-Phe (fMLP)-coated beads. Using a human neutrophil-like cell line, HL60, we showed that FPRs linked to Gi proteins mediate phagocytosis of bacteria and the internalization of fMLP-coated beads. We found that chemoattractant GPCRs coupled with Gi proteins and IgG receptors linked to tyrosine kinases (Syk and Src) work independently to promote the engulfment of particles coated with either chemoattractants or opsonins. Our study reveals an evolutionarily conserved mechanism that directs neutrophils migration toward bacteria via chemotaxis and promotes their ability to engulf bacterial via "surface-dependent and opsonin-independent phagocytosis" as an essential part of innate immunity.

RESULTS
=======

Fprs play a role in surface-associated phagocytosis of bacteria by mouse neutrophils
------------------------------------------------------------------------------------

To examine the potential roles of chemoattractant GPCRs in the phagocytosis of bacteria, we measured the internalization of bacteria by mouse neutrophils lacking formyl peptide receptors (Fprs) ([Figure 1](#F1){ref-type="fig"}). Fpr1 and Fpr2, which are the mouse homologues of human FPR1 and FRP2, recognize bacteria-derived chemotactic formyl peptides and guide neutrophils to chase bacterial pathogens ([@B30]). Mouse neutrophils lacking both Fpr1 and Fpr2 (Fpr1/2^--/--^) are defective in chemotaxis toward bacteria or an fMLP source ([@B30]). We isolated neutrophils from wild-type and Fpr1/2^--/--^ mice and confirmed their genotypes by showing that fMLP stimulation triggers a transient Ca^2+^ response in wild-type but not Fpr1/2^--/--^ neutrophils (Supplemental Figure S1, A and B). Previous studies showed that isolated neutrophils do not engulf fluid-borne bacteria in suspension but internalize bacteria adhered to a surface ([@B9]; [@B31]). On the basis of this notion, we examined surface-associated engulfment of *Escherichia coli* by wild-type or Fpr1/2^--/--^ neutrophils. Neutrophils were first adhered to a coverslip coated with fibronectin. *Escherichia coli* labeled with pHrodo were added onto the cells. pHrodo was used to monitor bacterial engulfment and phagosome maturation. We showed that unengulfed pHrodo-*E. coli* have no fluorescence because of a high pH in the medium outside of the cells, while engulfed pHrodo-*E. coli* emitted fluorescence signals (Supplemental Figure S1C). We found that wild-type neutrophils effectively engulfed pHrodo *E. coli* (green), while Fpr1/2^--/--^ neutrophils were defective in the engulfment ([Figure 1, A and B](#F1){ref-type="fig"}). To further quantify bacterial phagocytosis, wild-type or Fpr1/2^--/--^ neutrophils were adhered to a 96-well plate, and pHrodo-*E.coli* cells were added to the wells at 0 min. Using microscopy, we imaged pHrodo *E. coli* that emitted green fluorescence after they were engulfed, as well as neutrophils that were labeled by a cell tracker of red fluorescence at indicated time points ([Figure 1C](#F1){ref-type="fig"}). Our quantitative analysis showed that bacterial phagocytosis by Fpr1/2^--/--^ neutrophils was significantly reduced compared with wild-type neutrophils ([Figure 1D](#F1){ref-type="fig"}).

![Fpr1/2^--/--^ mouse neutrophils are defective in phagocytosis of *E. coli* and fMLP-beads. (A) Neutrophils from wild-type and Fpr1/2^--/--^ mice were adhered onto fibronectin-coated coverslip. pHrodo-labeled *E. coli* were added to the cells at a 20:1 ratio at 0 min. Representative images show the engulfment of *E. coli* at 10 min using confocal microscopy. Red arrows indicate cells with engulfed pHrodo-*E. coli* (green). Scale bar, 10 µm. (B) The cells that colocalized with green fluorescent signals and the total cells were counted from images in A. Phagocytosis percentage was calculated as the number of fluorescent cells divided by that of total cells. At least six images were taken for each condition (at least 100 cells were counted). The *p* values were calculated using Student's *t* test. \*\*\*\**p* \< 0.001. (C) Neutrophils from wild-type and Fpr1/2^--/--^ mice were adhered on a fibronectin-coated 96-well plate. pHrodo-labeled *E. coli* were added to the cells at a 50:1 ratio at 0 min and incubated for the indicated time period. Cells with engulfed pHrodo-*E. coli* were imaged using the green fluorescent channel, all cells labeled with a cell tracker were imaged in the red fluorescent channel, and representative pictures are shown. Scale bar, 50 μm. (D) Statistical analysis for C. Nine images were taken per condition. Cells were counted by Matlab (around 10,000 cells were counted), and phagocytosis rates were calculated by measuring green fluorescence intensity using MetaMorph. Phagocytosis indices were calculated as the total green intensity divided by the cell number. Mean and SD values are presented. The *p* values were calculated using paired Student's *t* test. \*\*\*\**p* \< 0.001. (E) Neutrophils from wild-type and Fpr1/2^--/--^ mice were adhered onto a fibronectin-coated coverslip. pHrodo-fMLP-coated beads were added to the cells at 3:1 ratio at 0 h. Representative pictures show the engulfment of fMLP-beads at 1 h using a confocal microscope. Scale bar, 10 µm. (F) Number of cells that colocalized with green fluorescent signals and that of the total cells were counted from images in E. Phagocytosis percentages were calculated as the number of fluorescent cells divided by the number of total cells. At least six images were taken for each condition. The *p* values were calculated using Student's *t* test. \**p* \< 0.05. (G) Neutrophils from wild-type and Fpr1/2^--/--^ mice were adhered on fibronectin-coated 96-well plates, and pHrodo-fMLP-coated beads were added to the cells at a 3:1 ratio at 0 h. Representative images show engulfed fMLP-beads in the green fluorescent channel and neutrophils in the red fluorescent channel. Scale bar, 50 μm. (H) Statistical analysis for G. Cell number and green fluorescence intensity were measured as in D. Phagocytosis indices were calculated as the total green intensity divided by the number of cells. Mean and SD values are presented. The *p* values were calculated using paired Student's *t* test. \*\*\*\**p* \< 0.001.](mbc-30-346-g001){#F1}

Fprs mediate the engulfment of fMLP-beads by mouse neutrophils
--------------------------------------------------------------

To simplify ligands on the surface of a particle, we coated latex beads with only fMLP to examine FPRs' function in phagocytosis and visualized the engulfment of fMLP-beads by wild-type and Fpr1/2^--/--^ neutrophils ([Figure 1, E--H](#F1){ref-type="fig"}). pHrodo-fMLP-beads were added to the chambers containing adhered neutrophils, and images were recorded over a time course of 1 h ([Figure 1E](#F1){ref-type="fig"}). Wild-type neutrophils quickly engulfed fMLP-beads (green), while Fpr1/2^--/--^ neutrophils showed a reduced ability to engulf fMLP-beads ([Figure 1, E and F](#F1){ref-type="fig"}). Neither wild-type nor Fpr1/2^--/--^ neutrophils effectively engulfed uncoated beads (Supplemental Figure S2A). To further quantify the engulfment of fMLP coated beads, wild-type or Fpr1/2^--/--^ neutrophils were adhered to a 96-well plate, and pHrodo-fMLP beads were added to the wells. Using fluorescence imaging, we counted engulfed pHrodo-fMLP-beads that emitted green fluorescence (green) and neutrophils that were labeled by the cell tracker (red) at 1 h ([Figure 1G](#F1){ref-type="fig"}). Our quantitative analysis showed that the Fpr1/2^--/--^ neutrophils have less ability to engulf fMLP-beads than wild-type neutrophils ([Figure 1H](#F1){ref-type="fig"}). Together, our results suggest that fMLP-coated beads activate Fprs to promote the engulfment of the beads.

Both IgG- and fMLP-coated beads induce the engulfment of the beads by HL60 cells
--------------------------------------------------------------------------------

To explore the role of chemoattractant GPCR-mediated Gi signaling in phagocytosis by human neutrophils, we examined the internalization of latex beads by HL60 cells ([@B15]). HL60 cells express FPRs to mediate migration toward bacteria, and they also express IgG receptors, such as Fcγ receptors that are coupled with tyrosine kinases, to mediate phagocytosis of opsonized pathogens ([@B5]; [@B53]). To examine whether immobilized chemoattractants on the surface of a particle are sufficient to promote particle engulfment by human neutrophils, we visualized the engulfment of beads coated with different ligands using live-cell imaging ([Figure 2A](#F2){ref-type="fig"}). Beads without any ligand (uncoated beads) were found to make contacts with cells but not engulfed by the cells. In contrast, beads coated with IgG (IgG-beads) were quickly internalized after making contact with the cells, confirming that binding of IgG to IgG receptors (FcγRs) induces internalization of IgG-beads ([@B1]). fMLP-beads were also quickly engulfed by HL60 cells following the interaction between the beads and the cells ([Figure 2A](#F2){ref-type="fig"}). Quantitative analysis showed that the cells effectively internalized both IgG-beads and fMLP-beads but not uncoated beads ([Figure 2B](#F2){ref-type="fig"}). Our results suggest that chemoattractants immobilized on the surface of a particle act like IgG opsonins to promote the engulfment of particles.

![Engulfment of IgG-beads is mediated by tyrosine kinases but not a GPCR/Gi pathway. (A) HL60 cells were adhered onto fibronectin-coated cover slips. Uncoated beads, IgG-beads, and fMLP-beads were added to cells. Images showing cell--bead interactions were taken using a confocal microscope. At least three time-lapse movies were acquired for each type of bead. Scale bar, 5 μm. (B) HL60 cells were adhered onto fibronectin-coated 96-well plates. pHrodo-labeled fMLP-beads, IgG-beads, and uncoated beads were added to cells at 0 h. Nine images were acquired for each condition. Phagocytosis percentage was calculated as the number of fluorescent cells divided by the number of total cells. (C) HL60 cells were either untreated or treated with PTX, CsH, Pi, or PP2. Cells were starved in suspension, and pHrodo-labeled IgG-coated beads were added to cells. The mixture was incubated in 37°C for indicated time period. Fluorescent cells were detected by flow cytometry. Representative pictures of flow cytometry analyses were shown at 0 min for no treatment (NT) and 60 min for all treatment. (D) Statistical analysis for experiments shown in [C](#F2){ref-type="fig"}. In each sample, 10^5^ cells were analyzed. Experiments were repeated three times. The *p* values were calculated using Student's *t* test. \*\*\*\**p* \< 0.001, \*\*\**p* \< 0.005, \**p* \< 0.05, NS: not significant. (E) HL60 cells were treated as in [Figure 1C](#F1){ref-type="fig"}, and FITC-IgG-coated beads were added to the cells. The mixture was incubated in 37°C for indicated time period, and fluorescent signals outside of cells were quenched before flow cytometry analysis. Representative graphs show data obtained at 0 min for no treatment (NT) and 10 min for all samples. (F) Statistical analysis for experiments shown in E. In each sample, 10^5^ cells were analyzed. Experiments were repeated three times. The *p* values were calculated using Student's *t* test. \*\*\*\**p* \< 0.001, NS: not significant.](mbc-30-346-g002){#F2}

Activation of tyrosine kinases is required for the engulfment of IgG-coated beads
---------------------------------------------------------------------------------

Several studies have shown that an opsonized particle binding to receptors that activate tyrosine kinases, including Src and Syk, leads to the engulfment of an opsonized particle ([@B20]; [@B4]; [@B39]). To confirm the role of Src and Syk kinases in the engulfment of opsonized particles, we treated HL60 cells with C~15~H~16~CIN~5~ (PP2) or Pi (Piceatannol) to block phosphorylation (activation) of Src family and Syk, respectively ([@B18]; [@B46]) and measured the engulfment of IgG-beads using flow cytometry. IgG-beads labeled with pHrodo were used for monitoring the process of engulfment and phagosome maturation ([Figure 2, C and D](#F2){ref-type="fig"}), and IgG-beads labeled with fluorescein isothiocyanate (FITC) were used to show the engulfment process ([Figure 2, E and F](#F2){ref-type="fig"}). Before the cytometry analysis of the engulfment of FITC-IgG beads, trypan blue was added to quench fluorescence from FITC-labeled beads outside of cells ([@B6]). Cells with fluorescence signal are those with internalized pHrodo-IgG beads in phagolysosome ([Figure 2, C and D](#F2){ref-type="fig"}) or engulfed FITC-IgG beads ([Figure 2, E and F](#F2){ref-type="fig"}). When treated with PP2 or Pi, the cells could no longer effectively engulf pHrodo-IgG beads or FITC-IgG beads. However, when treated with pertussis toxin (PTX) or Cyclosporin H (CsH), two drugs blocking chemoattractant GPCR/Gi signaling, the cells still retained the ability to engulf IgG-beads ([Figure 2, D and F](#F2){ref-type="fig"}). PTX is a bacteria produced protein, composed of an A-promoter and a B-oligomer, and the A-promoter exerts ADP-ribosusyltransferase activity on the Gαi proteins, thereby inhibiting the coupling between GPCR and G protein ([@B16]; [@B19]; [@B34]). However, CsH selectively inhibits the binding of formyl peptides to FPRs ([@B57]; [@B49]). Thus, our results demonstrate that IgG receptor/tyrosine kinase signaling works independently of chemoattractant GPCR/Gi signaling to promote the engulfment of IgG-beads.

The engulfment of fMLP-beads is mediated by the chemoattractant GPCR/Gi and independent of IgG receptor/tyrosine kinase signaling
---------------------------------------------------------------------------------------------------------------------------------

To further explore the functions of chemoattractant GPCR/Gi signaling in phagocytosis by HL60 cells, we investigated the effects of drugs that block either GPCR/Gi signaling or tyrosine kinases in the engulfment of fMLP-beads. We first examined specificity of the drugs by measuring their effects on chemoattractant GPCR/Gi-mediated neutrophil chemotaxis. When the cells were treated with CsH or PTX, fMLP stimulation could no longer induce any Ca^2+^ response, and the cells failed to undergo chemotaxis toward an fMLP source (Supplemental Figure S3, A and B). However, treatment with PP2 neither significantly affected fMLP-mediated Ca^2+^ flux nor eliminated cell chemotaxis toward the fMLP source, while the treatment with Pi partially inhibited chemotaxis, consistent with previous reports that Pi blocks PI3K signaling and reduces cell adhesion, thereby causing defects in chemotaxis ([@B27]). Thus, our results confirmed that CsH or PTX effectively blocks FPR-mediated signaling and chemotaxis.

We subsequently measured surface-associated engulfment of fMLP-beads by HL60 cells treated with these drugs ([Figure 3](#F3){ref-type="fig"}). pHrodo-fMLP-beads ([Figure 3A](#F3){ref-type="fig"}) or FITC-fMLP-beads ([Figure 3C](#F3){ref-type="fig"}) were added to the adhered cells. fMLP-beads, like IgG-beads, were internalized by the cells without drug treatment ([Figure 3, A and C](#F3){ref-type="fig"}, NT). After treatment with PTX or CsH, the cells lost the ability of engulfing pHrodo-fMLP-beads ([Figure 3, A and C](#F3){ref-type="fig"}) or FITC-fMLP-beads ([Figure 3, B and D](#F3){ref-type="fig"}). After treatment with Pi, the cells failed to engulf both pHrodo-fMLP-beads and FITC-fMLP-beads, consistent with the notion that Pi inhibits PI3K and cell adhesion, thereby causing defects in the engulfment of fMLP-beads ([@B27]). After the cells were treated with PP2, we detected the internalization of FITC-fMLP-beads ([Figure 3, B and D](#F3){ref-type="fig"}) but not pHrodo-fMLP-beads ([Figure 3, A and C](#F3){ref-type="fig"}), suggesting that blocking Src kinases did not eliminate the engulfment of fMLP-beads but might have inhibited the formation of phagolysosome with a low-pH environment ([@B29]). We also examined surface-associated engulfment of IgG-beads by HL60 cells ([Figure 3, E and F](#F3){ref-type="fig"}). Consistent with the results obtained from cells in suspension, adhered neutrophils effectively engulfed pHrodo-IgG beads and FITC-IgG beads; however, after treatment of Pi or PP2, the cells lost their ability to internalize either IgG-beads. In contrast, the cells were still able to engulf the beads after treatment of PTX or CsH ([Figure 3, E and F](#F3){ref-type="fig"}). Our results suggest that neutrophils, when properly adhered to the surface, utilize the chemoattractant GPCR/Gi signaling pathway, independent of receptor/tyrosine kinase signaling, to promote the engulfment of fMLP-beads.

![Engulfment of fMLP-beads is mediated by GPCR/Gi pathway but not tyrosine kinases. (A) HL60 cells were either untreated or treated with PTX, CsH, Pi, or PP2. They were starved in fibronectin-coated 96-well plate for 1.5 h, and then pHrodo-fMLP-coated beads were added to cells at time 0 and incubated for 1 h. Representative pictures show merged images of bright field (showing cells and beads) and the green channel (showing phagocytosed fMLP beads) at time 0 for the NT (no treatment) sample and 1 h for all samples. Scale bar, 10 μm. (B) HL60 cells were treated as in A. FITC-labeled fMLP-coated beads were added to cells at time 0 and incubated for 1 h before signal quenching with trypan blue. Representative pictures show merged images of bright field and green channel. Green fluorescence indicates engulfed fMLP beads. Scale bar, 10 μm. (C) Statistical analysis for A. Phagocytosis percentage was calculated as the number of fluorescent cells divided by the number of total cells from nine images acquired for each condition. The *p* values were calculated using Student's *t* test. \*\*\*\**p* \< 0.001. (D) Statistical analysis for B. Phagocytosis percentage was calculated as the number of fluorescent cells divided by the number of total cells from nine images acquired for each condition. The *p* values were calculated using Student's *t* test. \*\*\*\**p* \< 0.001, NS: not significant. (E) HL60 cells were either untreated or treated with PTX, CsH, Pi, or PP2 and were starved in fibronectin-coated 96-well plate for 1.5 h, and then pHrodo-IgG-beads were added to cells at time 0 and incubated for 1 h. Green fluorescence indicates engulfed IgG-beads. Phagocytosis percentage was calculated as the number of fluorescent cells divided by the number of total cells from nine images acquired for each condition. The *p* values were calculated using Student's *t* test. \*\*\*\**p* \< 0.001, NS: not significant. (F) HL60 cells were treated as in E. FITC-IgG beads were added to cells at time 0 and incubated for 1 h before signal quenching with trypan blue. Phagocytosis percentage was calculated as the number of fluorescent cells divided by the number of total cells from nine images acquired for each condition. The *p* values were calculated using Student's *t* test. \*\*\*\**p* \< 0.001, NS: not significant.](mbc-30-346-g003){#F3}

fMLP-beads induce chemotactic responses and formation of phagocytic cups
------------------------------------------------------------------------

To monitor receptor-mediated signaling and the engulfment simultaneously, we imaged the Ca^2+^ response and the engulfment process triggered by ligand-coated beads ([Figure 4](#F4){ref-type="fig"}). Previous studies showed that binding of an opsonized particle to IgG receptors activates tyrosine kinases Src and Syk, which subsequently triggers Ca^2+^ influx and the engulfment of the particle ([@B20]; [@B4]; [@B39]). Beads were added to a chamber containing HL60 cells that were labeled with Fluo-4, a fluorescent calcium indicator ([@B24]). Uncoated beads could trigger neither Ca^2+^ responses nor the engulfment of the beads ([Figure 4A](#F4){ref-type="fig"}), while IgG-beads triggered Ca^2+^ influx and the engulfment of the beads ([Figure 4B](#F4){ref-type="fig"}), indicating that binding of IgG-beads to FcγR receptors induced Ca^2+^ influx during the engulfment process. Cells that were treated with either PP2 or Pi failed to trigger either Ca^2+^ influx or engulfment of the beads ([Figure 4B](#F4){ref-type="fig"}), confirming the notion that blocking the function of Src or Syk inhibits both IgG receptor (IgG/FcγR)-induced Ca^2+^ response and particle engulfment. We also observed that fMLP-beads induced a transient Ca^2+^ flux and the engulfment of the fMLP-beads ([Figure 4C](#F4){ref-type="fig"}). When the cells were treated with PTX or CsH to inhibit Gi signaling or the activation of FPRs, respectively, fMLP-beads triggered neither a Ca^2+^ response nor the engulfment of the beads, suggesting that activation of FPRs and Gi signaling mediates fMLP-bead-induced Ca^2+^ flux and the engulfment of fMLP-beads.

![fMLP-beads induce calcium flux and actin polymerization. (A) HL60 cells were stained with Fluo-4, placed on fibronectin-coated coverslip and monitored under a microscope. Noncoated beads were added to cells, and images were taken with both bright-field and green fluorescent channels. Left panel shows representative images for bead--cell interactions. Red arrows indicate the beads which interact with the cells. Scale bar, 5 μm. In the right panel, Fluo-4 intensity indicating intracellular calcium flux was quantified using ImageJ and analyzed using Prism. More than three time-lapse sequences were obtained. (B) Cells were either untreated or treated with Piceatannol or PP2 and stained with Fluo-4. IgG-beads were then added to the cells. Images were taken and analyzed as in A. (C) Cells were either untreated or treated with PTX or CsH and stained with fluo-4. fMLP-beads were then added to the cells. Images were taken and analyzed as in A. (D) HL60 cells stably expressing actin-mCherry were used to monitor actin dynamics. fMLP/Alexa488-coated beads were added to cells on cover slips, and the engulfment process was recorded microscopically. Red arrows indicate the formation of phagocytic cup. Green, actin; red, beads. Scale bar, 5 µm. More than three time-lapse sequences were acquired.](mbc-30-346-g004){#F4}

To examine whether a chemoattractant-coated bead can induce the formation of a phagocytic cup, we imaged the actin cytoskeleton in a live cell during engulfment of an fMLP-bead ([Figure 4D](#F4){ref-type="fig"}). Fluorescence-labeled fMLP-beads labeled by Alexa 488 (pseudocolored red) were added to a chamber containing cells expressing actin-mCherry (pseudocolored green) ([Figure 4D](#F4){ref-type="fig"} and Supplemental Figure S4A). We found that binding of an fMLP-bead to the cell surface induced actin polymerization surrounding the bead to form a phagocytic cup (4 s and 12 s, arrows), followed by the engulfment of the bead. Together, our results suggest that fMLP immobilized on the surface of a particle activates chemoattractant GPCR/Gi signaling to induce chemotactic responses, including Ca^2+^ mobilization and actin polymerization, which leads to phagocytic cup formation and subsequent particle engulfment. Because fMLP-induced Ca^2+^ flux and the formation of phagocytic cup occurred immediately after cells contact with the beads, we suggest that FPR-induced Gi signaling, instead of the priming effect from FPR signaling, plays a critical role in the engulfment of fMLP-beads.

Both GPCR/Gi signaling and IgG receptor/tyrosine kinase signaling play roles in bacterial phagocytosis
------------------------------------------------------------------------------------------------------

To further explore the role of chemoattractant GPCRs and IgG receptors in phagocytosis of bacteria by human neutrophils, we quantified the internalization of bacteria by HL60 cells treated with various drugs that block signaling of either chemoattractant GPCR/Gi or IgG receptors. Adhered HL60 cells were added with pHrodo-labeled *E. coli* ([Figure 5, A and B](#F5){ref-type="fig"}) or FITC-labeled *E. coli* ([Figure 5, C and D](#F5){ref-type="fig"}), and images were taken at different time points. Cells treated with drugs, which inhibit either chemoattractant GPCR/Gi signaling (PTX and CsH) or tyrosine kinases (Pi and PP2), displayed a reduced ability to uptake bacteria. Furthermore, when both GPCR/Gi signaling and tyrosine kinases were inhibited by the drug treatment, cells displayed an even greater diminution of bacterial engulfment (Supplemental Figure S5), suggesting that blocking both GPCR and tyrosine pathways causes a synergistic inhibitory effect. Taken together, our results support the notion that both chemoattractant GPCRs/Gi signaling and tyrosine kinases signaling contribute to bacterial phagocytosis in the absence of opsonins ([Figure 5E](#F5){ref-type="fig"}). It is also likely that the engulfment is further promoted by some scavenger receptors binding to *E. coli* ([@B8]).

![Both GPCR/Gi signaling and phagocytic receptor/tyrosine kinase signaling play roles in bacterial phagocytosis. (A) HL60 cells were either untreated or treated with PTX, CsH, Pi, or PP2 and were placed in a fibronectin-coated 96-well plate. pHrodo-*E. coli* were added to cells at 0 min and incubated for 10 or 30 min. Representative merged images of bright field and the green channel are shown. Green fluorescence indicates phagocytosed *E. coli*. Scale bar, 10 μm. (B) Statistical analysis for A. Phagocytosis percentage was calculated as the number of fluorescent cells divided by the number of total cells from nine images acquired for each condition. \*\*\*\**p* \< 0.001, \*\*\**p* \< 0.005, \*\**p* \< 0.01, \**p* \< 0.05. (C) HL60 cells were treated as in A. FITC-*E. coli* were added to cells at 0 min and incubated for 10 or 30 min before signal quenching with trypan blue. Representative merged images of bright field and the green channel are shown. Green fluorescence indicates phagocytosed *E. coli*. Scale bar, 10 μm. (D) Statistical analysis for C. Phagocytosis percentage was calculated as the number of fluorescent cells divided by the number of total cells from nine images acquired for each condition. \*\*\*\**p* \< 0.001, \*\*\**p* \< 0.005. (E) GPCR-mediated bacterial phagocytosis requires G-protein machinery, while phagocytic receptor-mediated phagocytosis requires activation of Src and Syk kinases. They both lead to actin-dependent phagocytosis. (F) Summary of different components required for phagocytosis in phagocytes from simple organisms to human.](mbc-30-346-g005){#F5}

DISCUSSION
==========

Our study indicates that neutrophils use a chemoattractant GPCR-mediated engulfment mechanism to eliminate bacteria via surface-associated phagocytosis in the absence of opsonins. This notion challenges the dogma in the field of immunology that human phagocytes, including neutrophils and macrophages, can effectively ingest bacteria only when they were coated with specific opsonins, such as complements or IgGs ([@B56]; [@B5]; [@B45]). Over the years, phagocytic receptors, including FcγR for IgGs and complement receptors, and their associated tyrosine kinases have been identified for binding the opsonized microbe and inducing actin polymerization for the formation of phagocytic cups for microbial engulfment ([@B5]; [@B13]). However, several previous studies did suggest that neutrophils engulf bacteria without opsonins. For example, Wood *et al.* ([@B58],[@B59]) reported that neutrophils in rat lungs directly attack and ultimately destroy pneumococci via surface-mediated phagocytosis without the aid of an intermediary opsonin. In addition, a study in zebrafish showed that neutrophils, unlike macrophages, barely engulf bacteria in the blood or fluid-filled body cavities as an innate immune response, but they efficiently sweep up bacteria that are unopsonized but surface associated ([@B9]). A recent study also showed that adherent human neutrophils efficiently engulf and kill *Staphylococcus aureus* without any opsonins although they cannot effectively engulf these bacteria without the addition of opsonins in suspension ([@B31]). These findings suggest that when floating in a fluid medium, neutrophils rely on opsonins to bind and catch bacteria for phagocytosis, but when associated with suitable surfaces, neutrophils effectively catch and kill bacteria via phagocytosis in the absence of opsonins. It is well known that neutrophils migrate only on certain surfaces, such as glass coated with fibronectin ([@B37]). Our study indicates that when attached to a suitable surface, neutrophils use the chemoattractant GPCR/Gi signaling machinery to mediate actin polymerization for both directional cell migration and the engulfment of particles coated with chemoattractants.

Phagocytes use the chemoattractant GPCR/G-protein machinery or the receptor/tyrosine kinase machinery to control actin polymerization for catching and engulfing bacteria ([Figure 5E](#F5){ref-type="fig"}). Phagocytosis can be observed in amoeboid cells from many eukaryotic organisms, such as *D. discoideum*, *Caenorhabditis elegans*, fruit fly, sea urchin, zebrafish, frog, chicken, mouse, and human ([@B3]; [@B10]; [@B44]; [@B54]). The central components of the phagocytic machinery found in these organisms are summarized in [Figure 5F](#F5){ref-type="fig"}. The comparative analysis of these components shed light on the evolutionary origins of some fundamental features of human innate immunity. The primitive phagocytes of *D. discoideum* do not encode tyrosine kinases, and they use chemoattractant GPCR fAR1 to mediate actin polymerization for not only chemotaxis to catch bacteria but also phagocytosis to eat bacteria ([@B41]). In addition, *D. discoideum* contains members of Nox-family NADPH oxidase that produce superoxide ions and acidification of phagolysosome to kill internalized bacteria ([@B51]). *Caenorhabditis elegans* and fruit fly encode tyrosine kinases that have the potential to associate with scavenger receptors for phagocytosis ([@B50]). The lower eukaryotic organisms, such as *D. discoideum* and *C. elegans,* encode neither a complement system nor an adaptive immune system ([@B3]; [@B11]; [@B10]). Animals ranging from sea urchin to human have a version of the complement system, and vertebrates including human have both a complement system and an adaptive immunity (antibody-based immune system). It appears that a complement system was added in sea urchin and retained in animals with fluid-filled body cavity or a circulatory system, and an adaptive immunity was then acquired as the latest feature by the vertebrate immune system. Since phagocytes from all organisms have chemoattractant GPCR/G-protein machinery, we propose that chemoattractant GPCR-mediated surface-associated phagocytosis by neutrophils is an ancient and evolutionarily conserved mechanism of the innate immunity for fighting against invading bacteria.

How the FPR/Gi signaling machinery detects ligands on the surface of bacteria to promote phagocytosis is not clear. We showed that binding of fMLP beads to FPRs activates Gi-signaling, which leads to an actin-dependent engulfment of the beads independent of Src/Syk activation. However, our results do not determine whether FPRs facilitate binding of bacteria, internalization of bacteria or both steps. We cannot exclude the possibility that FPRs promote binding of bacteria but other receptor signaling pathways drive the ingestion of bacteria. Formal peptide receptors from mammalian species, including human and mouse, detect various N-terminal formyl signal peptides at nanomolar range. FPRs employ an unusual detection mechanism that combines structural promiscuity with high specificity and sensitivity, thereby detecting over thousands of predicted bacterial signal peptides yet maintaining selectivity ([@B7]). There are a few major outer membrane proteins (lipoproteins, tolG proteins, and matrix proteins), which exist in very large quantities on bacteria surfaces with N-formyl signaling peptides ([@B48]). Bacteria continuously secret formyl proteins to the cell membrane and cleave them to release formyl signal peptides. It is possible that formyl peptides exist on the surface of bacteria and serve as ligands for FPR-mediated engulfment. It is likely that phagocytes can take up bacteria or beads without specific receptors, including IgG receptors or FPRs, by using another mechanism, such as micropinocytosis. However, the engulfment of particles via micropinocytosis is not efficient. It is also possible that formyl peptides released from bacteria activate FPR/Gi signaling, which subsequently promotes the formation of macropinosomes for bacterial engulfment ([@B52]). Future studies are needed to further dissect detailed mechanisms underlying the FPR/Gi-mediated bacterial engulfment.

MATERIALS AND METHODS
=====================

Cell culture and stable cell line establishment
-----------------------------------------------

The HL60 cell line stably expressing CXCR2 (HL-60-CXCR2) was a gift from Ann Richmond at Vanderbilt University. Cells were cultured in 1640 RPMI medium with 25 mM HEPES (Quality Biological), 20% fetal bovine serum (FBS), and 1% penicillin streptomycin (all from Life Technologies unless mentioned) at 37°C with 5% CO~2~. To differentiate cells, dimethyl sulfoxide was added to culture medium at a final concentration of 1.3%, and cells were incubated for 5 d.

HL60-CXCR2 cells were infected by the lentivirus encoding human actin-mCherry gene (Vectalys, France). Briefly, 100 μl viral particles and 5 μg/ml Polybrene were added to 10^6^ cells and selected by puromycin (R&D Systems). Cells were transferred to fresh medium the next morning and incubated for 48 h before subculturing with the addition of puromycin. After three to four passages, cells were ready for differentiation.

Purification of mouse neutrophils
---------------------------------

C57/B6 wild-type and Fpr1/2 double mutant (Fpr1^--/--^ and Fpr2^--/--^) mice were from Ji Ming Wang's lab, National Cancer Institute, National Institutes of Health (NIH). Bone marrow was collected from the hind legs. Briefly, one end of the bone was cut open, and bone marrow was collected by centrifugation at 8600 × *g* for 10 s. Red blood cells were removed with ammonium-chloride-potassium buffer (Lonza) at room temperature. After the cells were counted, cells were subject to neutrophil isolation using a mouse neutrophil isolation kit (Miltenyi Biotec; order no. 130097658). Collected neutrophils were stored in PBS supplemented with 2% FBS and 2 mM EDTA at 4°C. The purity of neutrophils was determined by staining the cells with mouse Gr-1/Ly-6G PE-conjugated antibody and CD11b FITC-conjugated antibody (R&D Systems). The purity was above 95% (unpublished data).

Preparation of beads
--------------------

Biotin was linked to the side chain of lysine at the C-terminus of fMLP. IgG-biotin was purchased from Jackson ImmunoResearch (cat. no. 009-060-003). FITC-biotin was purchased from Thermo Fisher (cat. no. 22030). Streptavidin-coated microspheres of 5 µm diameter were purchased from Bangs Laboratories, India (cat. no. CP01N). Beads were freshly prepared by incubating the corresponding ligand with beads for 1 h at room temperature in HBSS buffer and washed twice before use. IgG-coated or uncoated beads were stained with FITC-anti-human IgG Fc antibody (Biolegend, \#409309) for 30 min on ice. The coating efficiencies were examined by flow cytometry analysis after a wash, and data were processed using FlowJo. IgG coating showed near 100% efficiency (unpublished data).

Confocal microscopy
-------------------

LabTekII \#1.5 one- or eight-chambered slides (Nalge Nunc) were coated with 100 µg/ml Fibronectin (Sigma) for 1 h at room temperature before the cells were seeded in starving medium. Mouse neutrophils were not treated, and HL60 cells were untreated or treated with drugs for 4 h (1 μM pertussis toxin; Life Technologies, Cat. no. PHZ1174), 30 min (50 μM Piceatannol; Sigma Aldrich Cat. no. P0453, or 30 μM PP2 Cat. no. P0042), or 5 min (10 μM Cyclosporin H; Enzo Life Sciences, Cat. no. ALX-380-286-M005), respectively. After 1.5 h starvation, HL60 cells were ready for confocal microscopy. LSM780 40×/N.A. 1.4 lens or LSM880 40×/N.A. 1.4 lens (Carl Zeiss) was used for the experiments, and a 37°C environment chamber was applied throughout the experiments. For phagocytosis visualization, pHrodo-*E. coli* was added to cells at a 20:1 ratio; further, pHrodo-beads were added to the cells at a 3:1 ratio. At least six images were acquired at each time point, and at least 300 cells were counted. The cells that colocalized with the fluorescent signal and total cells for each picture were counted. Percentage of phagocytosis was calculated by dividing the number of fluorescent cells by that of total cells in each picture. Statistical analysis was done using Prism software. For recording phagocytosis, time-lapse sequences of 8 min were taken at 2.5- to 3-s intervals.

To monitor calcium response, cells were stained with 1 μM Fluo-4 (Life technologies) for 30 min and washed before being seeded to the chambered slides. Beads were added to the slides and cell response was recorded by time-lapse microscopy. Fluorescence intensity was analyzed using Zen2012 (Carl Zeiss), ImageJ (NIH), and Prism.

To monitor phagocytic cup formation, HL60 cells were starved in fibronectin-coated cover slips for 1.5 h and placed on LSM880 Airyscan with 40×/N.A. 1.4 lens. Then beads were added to the cells, and pictures were taken at 4-s intervals with Z-stack to record actin polymerization. Live-cell imaging experiments were repeated at least three times, and data were analyzed using Zen2012 and ImageJ.

Ninety-six-well phagocytosis assay
----------------------------------

pHrodo-fMLP-beads and pHrodo-IgG-beads were made by incubating fMLP-biotin/IgG-biotin and pHrodo Green STP ester (Life Technologies; cat. no. P35369) with beads for 1 h at room temperature and washed twice. HL60 cells were starved for 1.5 h, and the drugs were added for 4 h (1 μM pertussis toxin), 30 min (50 μM Piceatannol or 30 μM PP2) or 5 min (10 μM Cyclosporin H), respectively. pHrodo Green *E. coli* Bioparticles Conjugate (Life Technologies; cat. no. P35366) was sonicated for 5 min before use.

For surface phagocytosis assays using mouse neutrophils, 96-well black-wall clear-bottom plates were coated with 100 μg/ml fibronectin for 1 h at 37°C. Purified neutrophils (8 × 10^4^ cells/well) were stained with Cell tracker orange (Thermo Fisher) for 20 min at 4°C and were then attached to the wells for 15 min at room temperature. For assays using HL60 cells, cells were seeded to 96-well plates and starved for 1.5 h at 37°C before experiments. pHrodo-*E. coli*, FITC-*E. coli* bioparticles or pHrodo-labeled beads, FITC-labeled beads were added to the cells at a ratio of 50:1 (*E. coli* vs. cells) or 3:1 (beads vs. cells). The plates were centrifuged at 500 × *g* for 5 min at 4°C and then incubated at 37°C for the indicated time. Phagocytosis was stopped by incubating the plates at 4°C for 15 min. To visualize and count cells, an EVOS (Life Technology) microscope was used. Images were taken using the green channel and the orange channel for the same view with mouse neutrophils using 10× lens (around 1000 cells per picture). Or green-channel and bright-field pictures were taken for HL60 cells using a 20× lens (around 300 cells per picture). Three views were taken in each well, and three wells were examined in each condition. Image data were analyzed using MetaMorph and Matlab. For mouse neutrophils and HL60 cells, the data represent the fluorescent cell number/total cell number in each image. The *p* values were calculated using Student's *t* test.

Flow cytometry
--------------

Starved HL60 cells were spun down and resuspended at a density of 2 × 10^7^ cells/ml. pHrodo-IgG-beads were added to cells at a ratio of 3:1 and incubated at 37°C for 10 min or 30 min. FITC-IgG-beads were added to cells and incubated for 10 min before trypan blue quenching. The reaction was stopped by adding the ice-cold fluorescence-activated cell sorting buffer and subjecting to flow cytometry analysis. Cells (10^5^) were recorded for each sample with three replications, and experiments were repeated three times. Data were analyzed using FlowJo and Prism.

EZ-TAXIScan assay
-----------------

The EZ-TAXIScan chamber (Effector Cell Institute, Japan) was used to monitor chemotaxis of cells. The apparatus was assembled according to manufacturer's instructions. Cover glass was coated with 1% bovine serum albumin (BSA) in starving medium for 1 h at room temperature. Cells were resuspended in 0.1% BSA medium, and 50 nM fMLP was added to establish a gradient for chemotaxis. Cell migration was recorded for 30 min at 15-s intervals, and the data were analyzed using DIAS software and ImageJ.

Supplementary Material
======================
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ACK

:   ammonium-chloride-potassium

DMSO

:   dimethyl sulfoxide

FACS

:   fluorescence-activated cell sorting

FITC

:   fluorescein isothiocyanate

fMLP

:   N-formyl-Met-Leu-Phe

IgG

:   immunoglobulin G

PP2

:   C ~15~H ~16~CIN ~5~
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